Oleaginous yeasts can convert sugars to lipids with fatty acid profiles similar to those of vegetable oils, making them attractive for production of biodiesel. Lignocellulosic biomass is an attractive source of sugars for yeast lipid production because it is abundant, potentially low cost, and renewable. However, lignocellulosic hydrolyzates are laden with byproducts which inhibit microbial growth and metabolism. With the goal of identifying oleaginous yeast strains able to convert plant biomass to lipids, we screened 32 strains from the ARS Culture Collection, Peoria, IL to identify four robust strains able to produce high lipid concentrations from both acid and base-pretreated biomass. The screening was arranged in two tiers using undetoxified enzyme hydrolyzates of ammonia fiber expansion (AFEX)-pretreated cornstover as the primary screening medium and acid-pretreated switch grass as the secondary screening medium applied to strains passing the primary screen. Hydrolyzates were prepared at $18-20% solids loading to provide $110 g/L sugars at $56:39:5 mass ratio glucose: xylose:arabinose. A two stage process boosting the molar C:N ratio from 60 to well above 400 in undetoxified switchgrass hydrolyzate was optimized with respect to nitrogen source, C:N, and carbon loading. Using this process three strains were able to consume acetic acid and nearly all available sugars to accumulate 50-65% of cell biomass as lipid (w/w), to produce 25-30 g/L lipid at 0.12-0.22 g/L/h and 0.13-0.15 g/g or 39-45% of the theoretical yield at pH 6 and 7, a performance unprecedented in lignocellulosic hydrolyzates. Three of the top strains have not previously been reported for the bioconversion of lignocellulose to lipids. The successful identification and development of top-performing lipidproducing yeast in lignocellulose hydrolyzates is expected to advance the economic feasibility of high quality biodiesel and jet fuels from renewable biomass, expanding the market potential for lignocellulose-derived fuels beyond ethanol for automobiles to the entire U.S. transportation market. Biotechnol. Bioeng. 2016; 9999: XX-XX.
Introduction
It is expected that single cell oils (SCO) produced in the form of triacylglyerols (TAG) from agricultural residues and bioenergy crops can be a sustainable and significant source of biodiesel fuel. We estimated that oleaginous yeasts have the capability of producing $48 and 190 gal oil per acre from corn stover and switchgrass, respectively. As a frame of reference, $68 gallons of oil per acre are produced from processing soybeans. Based on conservative yields of switchgrass and process lipids, about 418 million dry U.S. tons biomass could be harvested each year and converted to at least 9.8 billion gallons of biodiesel/year. The latter estimate assumes 52.25 million acres, 8 tons biomass harvested/ acre, 50% recoverable monosaccharides, 0.2 g oil/g sugar yield, 90% lipid recovery, 7.68 lb/gal oil density (Bates et al., 2008; Dien et al., 2006 Dien et al., , 2013 Dugar and Stephanopoulos, 2011; Ratledge and Cohen, 2008) . This would represent greater than 20% replacement of current annual U.S. diesel consumption with biodiesel from switchgrass alone, a figure which accounts for the energy content of biodiesel per volume as only 93% of diesel. Using all of the estimated 1.3 billion tons of biomass available for conversion to biofuel (U.S. Department of Energy, 2011), over 62% of diesel could be replaced by yeast-based biodiesel fuel. This is significant although in actuality biomass will likely be converted to a variety of products. During 2014 the annual average domestic biodiesel production was only $1.1 billion, or 2% of the 50 billion gallon U.S. diesel consumption (www.eia.gov). However, unlike lipid production on sugars provided in synthetic media, studies on yeast SCO production from biomass hydrolyzates are limited, and none have reported the expected yield of 0.2 g lipid/g sugar at volumetric productivities greater than 0.5 g/L/h expected to be needed for feasibility (Jin et al., 2015; Koutinas et al., 2014) . As was the case for cellulosic ethanol production, pentose sugars and microbial inhibitors, including furfural, hydroxymethylfurfural, acetic acid, neutral and acidic phenolics, and other chemical species (Palmqvist and Hahn-H€ agerdal, 2000a,b) are expected barriers to efficient conversion of biomass to lipids.
In this research, nine yeast genera having species known to accumulate large amounts of lipid (Ageitos et al., 2011; Heredia and Ratledge, 1988; Hu et al., 2011; Huang et al., 2012a,b,c; Li et al., 2008; Pan et al., 1986; Tsigie et al., 2011; Xie et al., 2012; Yu et al., 2011; Zhao et al., 2008) , or related to known oleaginous yeast based on phylogeny (Kurtzman et al., 2011; Dien et al., 2016) were targeted for selecting strains to be screened to identify those with superior aptitude to produce lipid in hydrolyzates of biomass. Strains from the Agricultural Research Culture Collection were chosen from the following genera including Cryptococcus sp., Geotrichum sp., Lipomyces sp., Myxozyma sp., Rhodosporidium sp., Torulaspora sp., Trigonopsis sp., and Yarrowia sp. Additionally characterized in our screen was SCO production by Saitoella coloradoensis NRRL YB-2330 and Saitoella complicata NRRL Y-17804. These novel strains were recently noted by Kurtzman and Robnett (2012) to accumulate lipid granules and carotenoids, but lipid accumulation by these yeast had previously not been quantified. Many of the strains chosen for the screening were preferred because the species was noted in the above literature to use xylose, and several species were previously reported to function in detoxified hydrolyzates (Jin et al., 2015) . Strains were screened in two tiers using two of the most commercially promising undetoxified hydrolyzates. The more benign ammonia fiber expansion-pretreated cornstover hydrolyzate (AFEX CSH) was the primary screening medium. The harsher switchgrass hydrolyzate (SGH), produced with a less costly state of the art dilute acid pretreatment, was the secondary screening medium applied to those strains passing the primary screen (Balan et al., 2009; Bothast and Saha, 1997; Jin et al., 2012; Lee et al., 1999) . To provide the potential for commercially attractive lipid accumulation and production rates, hydrolyzates were prepared from biomass at $18-20% solids loading to yield over 100 g/L sugars (at $56:39:5 mass ratio glucose:xylose:arabinose) upon pretreatment and enzyme saccharification.
In AFEX CSH inhibitory sugar degradation product concentrations (i.e., furans) are low, and nitrogen from ammonia used in the pretreatment process as well as amino acids from the stover are available to support cell growth, resulting in the molar carbon to nitrogen ratio C:N $62:1 (Table I ). In the enzyme hydrolyzates of dilute acid pretreated post-frost switchgrass, sugar degradation product concentrations are high and very little usable nitrogen is available, even from saccharification enzymes, resulting in C:N $500. However, supplementation of nitrogen from sources of amino acids and ammonia could be used advantageously to control the C:N ratio in SGH (Table I ). In theory, shifts of C:N to greater than 100:1 could more strongly trigger lipid production (Ageitos et al., 2011; Weete, 1980) . Furthermore, Crabtree-negative yeasts, such as Lipomyces and Rhodosporidium species and others in our screen, are likely to be preferred for hydrolyzate utilization because they oxidize glucose and pentose sugars using aerobic metabolism via the pentose phosphate pathway; and relevant to process design, it is particularly important to recognize that increasing sugar concentration increases triacylglyceride accumulation in Crabtreenegative yeasts (Weete, 1980; Sitepu et al., 2013) .
With this background in mind, best strains identified in screens were tested in a two-stage cultivation involving yeast cell production in the first stage on SGH formulated at 75% concentration to lower inhibitor concentration and C:N $60:1 to favor growth, and subsequently lipid amplification in the second stage on nitrogenpoor hydrolyzates at much higher C:N $500:1 to favor lipid accumulation and limit growth. Based on nitrogen source optimization studies in hydrolyzate, the C:N of 60:1 in the first stage was chosen to provide enough nitrogen to support abundant cell production and enough excess sugar after nitrogen depletion to initiate lipid accumulation. The C:N $500 in the second stage was simply accepted as the lowest cost, unsupplemented SGH condition, N is the molar carbon to nitrogen ratio based on total useable sugars (glucose, xylose, and arabinose) and total available nitrogen (PAN, NH 3 , and urea). The contribution of acetic acid to the carbon supply was only 2-4% of that arising from sugars and was ignored in this calculation. that provided excess sugar for continued lipid accumulation instead of cell growth. Using the two-stage process, potential for very rapid and high lipid accumulations of $30 g/L was demonstrated for promising oleaginous yeast strains on undetoxified hydrolyzates of dilute acid-pretreated switchgrass. This magnitude of lipid accumulation has not been previously reported in the literature, though single stage productions up to 15.8 g/L using detoxified hydrolyzates of dilute-acid pretreated biomass have been noted (Jin et al., 2015) . From the standpoint of efficient sugar usage, data were reported in terms of lipid yield per g of sugar supplied and also per g of sugar consumed in order to allow comparison of our two-stage process with other studies. From a process economics standpoint, the higher titer of lipid accumulated is a key factor in efficient recovery. The use of repitched cells to support a higher rate and yield of lipid production (with less sacrifice of carbon to cell growth) is also a key feature for streamlining the cost of operation. Given current hydrolysis technologies and the consequent limitations of microbial inhibitors, the concentration of sugars available in hydrolyzates is only around 120 g/L (compared to 500 g/L achievable in synthetic media) which in turn limits product concentrations, potentially raising recovery costs. Advantages of the two stage process over fed-batch operation are that it involves no dilution of the hydrolyzate sugar feed and at the same time provides a step shift up in both C:N and sugar concentration to amplify lipid accumulation during the second stage of limited yeast growth. The data presented show the advantage of the two-stage batch process to allow accumulation of higher lipid concentrations faster than other types of batch processes recently reviewed by Jin et al. (2015) .
Materials and Methods

Preparation of AFEX CSH at 6% Glucan and SGH at 20% Solids Loading
Corn stover, harvested in September 2008, was obtained from Arlington Research Station located in Wisconsin. The corn hybrid used in this study was Pioneer 36H56 (triple stack-corn borer/ rootworm/Roundup Ready) variety (Minneapolis, MN). Post frost switchgrass was obtained from the Kanlow N1 field, Mead, Nebraska, (USDA ARS Grain, Forage, and Bioenergy Research Unit, Lincoln, NE). AFEX CSH at 6% glucan and SGH at 20% solids loading were prepared as previously described without detoxification and were filter sterilized prior to inoculation with yeast . As specified by experiment designs, the SGH was supplemented with 2.18 g/L ammonium sulfate and 30 g/L soy flour (Toasted Nutrisoy Flour Product, Archer Daniels Midland, Chicago, IL, code 063160) as a primary amino acids (PAN) source. Alternatively a vitamin-free casamino acids mix supplying 5.25 g/L Bacto Difco Vitamin Assay Casamino Acids (Becton Dickinson, Franklin Lakes, NJ, no. 228830), 0.053 g/L D, L-tryptophan (Sigma, St. Louis, MO, T330-100G), and 0.209 g/L L-cysteine (Sigma, C7352-100G) were added to SGH to supply equivalent PAN (211 mg N/L) to the soy flour based on Megazyme kit assay (Wicklow, Ireland). Soy flour is the lowest cost source of amino acids commonly used in industrial cultivations ($$0.25/lb). The casamino acids mix is a recommended combination to begin future optimization and design studies aimed at determining effective amino acid delivery to industrial processes (Zabriski et al., 1980) . Table I compares the concentrations of key C and N sources and inhibitors found in each type of hydrolyzate prepared.
Primary Screening of Yeast Strains on AFEX CSH
Lyophilized cultures were obtained from the ARS Culture Collection (NCAUR, Peoria, IL) and stored in 20% (v/v) glycerol at À80 C. Yeast strains and a control algae strain Chlorella sp. NRRL YB-3399 were streaked from glycerol stock cultures onto YM agar plates and incubated at 25 C for 48-96 h, then refrigerated. Streak plates were transferred to fresh YM agar plates 24 h prior to pre-culture inoculation by loop. Precultures were incubated 48 h on 3% glucan AFEX CSH, which was prepared by diluting 6% glucan AFEX CSH 1:1 with water; and after concentrating precultures to an A 620 of 50, a 1% volume was transferred to inoculate the test cultures of 6% glucan AFEX CSH at pH 6 to an absorbance of 0.5 at 620 nm (A 620 ). Pre-and test cultures were incubated at 25 C, 400 rpm shaking in deep, 96-well plates (System Duetz, Applikon, Delft, The Netherlands) filled 0.5 mL per well, then covered with standard aeration covers. Based on manufacturer data collected at 30 C and 300 rpm, the oxygen transfer rate of this system would be estimated to be at least 12 mM oxygen/L/h under our incubation conditions. For test cultures, 24 wells per strain were blocked separately from other strains (1-2 empty rows between). For each time point, samples were drawn in duplicate by harvesting two micro-reactor wells, which were assayed for A 620 , sugar, nitrogen, and lipid.
Secondary Screening of Strains on SGH
Strains showing significant lipid accumulation (>5 g/L) on AFEX CSH were tested in a harsher secondary screen on SGH at 75% or 100% strength at pH 6 versus pH 7. Stress on yeasts was increased by decreasing culture pH to further distinguish more robust strains. Switchgrass hydrolysate amended at pH 6 with casamino acids was diluted to 50% concentration with sterile water for pre-cultures and inoculated by loop from 24 h YM plates prepared as described above. The inoculated pre-cultures were then incubated in deep, 96-well plates, as above for 48 h. Once concentrated to an A 620 of 50 in pH 7 buffer, a 1% volume transfer was used to inoculate the test cultures 0.5 absorbance at 620 nm (A 620 ). Test cultures were prepared with 75% or 100% strength SGH at pH 6 or 7 such that each strain was tested on four SGH conditions increasing in harshness. For each strain, a deep 96-well plate was prepared, which contained 24 wells each of the four hydrolyzate types. Plates were incubated (25 C, 400 rpm) and sampled as described above.
Amplified Lipid Production Using Two-Stage Cultivation on SGH
Strains showing best performance in the secondary screen on SGH were further compared in a two-stage cultivation process at pH 7. In the first stage, yeast were grown on SGH cut to 75% (v/v) strength with water. The SGH was prepared as described below and had C:N 62 after nitrogen source amendments of soy flour (30 g/L) and ammonium sulfate (2.18 g/L). Eighty wells of a deep, 96-well plate were filled per strain: 40 were used to sample and monitor the growth stage, and 40 were used for the second stage re-suspension. For the second stage, yeast micro-cultures from the first stage 40-well growth plate were combined and pelleted by centrifuging (15 min, 4500 rpm), and the pellets were resuspended in 20 mL of 100% strength SGH which had been prepared with no nitrogen source amendments such that C:N was 500-600. Then the 20 mL of resuspended culture was distributed 0.5 mL per each of 40 wells. Deep 96-well plates were incubated and sampled as above.
The impact of SGH strength (50-100%), amino acids source (casamino acids vs. soy flour) and pH (6 vs. 7) were examined in a full factorial experiment design for impact on growth and lipid production of Lipomyces tetrasporus NRRL Y-11562 and Rhodosporidium toruloides NRRLY-1091 in the first stage growth cultures. The 50% and 75% v/v strengths of nitrogen-amended SGH were prepared from the full strength hydrolyzate (100%) by dilution with distilled water. Soy flour (Toasted Nutrisoy Flour, product code 063160, ADM, Chicago, IL) or casamino acids (Difco Vitamin-Assay Casamino Acids, product code 228830, Becton Dickinson, Franklin Lakes, NJ) were applied to supply similar PAN levels for this study, although the balance of nitrogen was available mainly as ammonium sulfate with less than 10% from urea, as described for the full strength N-amended dilute acid SGH (Table I) . Stage 1 growth cultures were conducted in microplates as noted above. The ranges of variation in pH and hydrolyzate strength were chosen based on preliminary indications of tolerance during deep well plate tests suggesting the growth tolerance of each yeast.
The impacts of the molar carbon to nitrogen ratio C:N (25:1-100:1), SGH strength (50-75%), and soy flour amino acids (presence, absence) supplementation to ammonium nitrogen sources were next examined in a full factorial design with respect to growth and lipid production in first stage growth cultures of strains NRRL Y-1091 and NRRL Y-11562. C:N ratios were adjusted based on assays of usable nitrogen sources including PAN, ammonia, and urea. If PAN was not supplemented, its molar N contribution was replaced with added ammonium sulfate. Stage 1 and 2 cultures were done in microplates as above.
The performance of L. tetrasporus NRRL Y-11562 in a two-stage process was further explored by studying the impact of first stage growth culture variables SGH strength (50% or 75%), soy amino acid amendment (presence or absence) and pH (6 or 7) at C:N 62:1 in combination with the second stage variable pH (6 or 7) in 100% SGH with no N amendment at C:N greater than 500:1. Using this design, variable impacts on yeast and lipid accumulation during first and second stage processes were determined.
The optimal two-stage cultivation process was also repeated for each successful strain at larger scale in flasks at 25 C in triplicate. Precultures of 50 mL volume were inoculated by loop into Bellco (Vineland, NJ) 250 mL baffled DeLong flasks (product SKU 2540-00250) with Bellco silicone closures (product SKU 2004-00005) and incubated with shaking at 300 rpm for 72 h. Precultures were concentrated to A 620 50 in buffer at pH 7. A 1% (v/v) inoculum was used to initiate yeast growth in 100 mL of pH 7 75% strength SGH amended with soy flour and ammonium sulfate to provide nitrogen levels consistent with Table I. The stage 1 "growth" cultures were incubated in Bellco 500 mL baffled DeLong flasks (product SKU 2540-00500) at 300 rpm and sampled daily until all sugars were consumed. Once sugars were consumed, the growth culture cells were collected by centrifugation and re-suspended in 100 mL of pH 7 100% strength SGH with no N amendment, as described above. The stage 2 "lipid amplification cultures" were then similarly incubated in 500 mL baffled flasks at 300 rpm and sampled daily until all sugars were consumed. The pelleted cells from final cultures were ball milled to rupture cell walls and then extracted by the method of Bligh and Dyer (1959) to obtain the neutral lipid fraction for carotenoid and fatty acid profiling as described in the "Analyses" section below.
Analyses
Biomass concentration was measured by analyzing culture absorbance at 620 nm (A 620 ) in 1 cm path length cuvettes using an Evolution 60 spectrophotometer for the AFEX CSH primary screening or in 96-well microplate wells filled to 200 mL using a Powerwave XS plate reader (BioTek, Winooski, VT) for the SGH secondary screening. Samples were diluted as needed to obtain absorbance in the linear range for each instrument. The absorbance readings from microplate wells were converted to equivalent cuvette values using the appropriate conversion factor to adjust for the difference in light path lengths. Dry cell weight concentrations were determined on select samples in addition to absorbance readings, by drying 1-2 mL of culture sample (washed and resuspended in distilled water) on a preweighed aluminum pan at 105 C for 24 h.
Quantification of sugars, furfural, HMF, and acetic acid in culture samples was by a Waters HPLC system equipped with an HPX-87H Aminex ion exclusion column (Biorad Laboratories, Inc., Hercules, CA) eluted at 60 C with 0.6 mL/min 15 mM HNO 3 as per details given in Slininger et al. (2015) . For hydrolyzate compositional analysis, a Biorad Aminex HPX-87P carbohydrate analysis column (125-0098) was also eluted at 80 C with water mobile phase as per the detail in Slininger et al., 2015 . For available nitrogen, enzymebased test kits were used to assay PAN, ammonia and urea (Megazyme International Ireland Ltd., Wicklow, Ireland). Molar C:N ratio was calculated as the ratio of moles of carbon (C) available in usable sugars (glucose, xylose, and arabinose) to the moles of usable nitrogen (N) available (ammonia, urea, and amino acids).
Lipid production was measured periodically throughout the fermentation using the sulfo-phospho-vanillin (SPV) colorimetric assay on washed yeast cell pellets from 0.5 mL cultures. The SPV assay method was adapted from the literature (Izard and Limberger, 2003; Wang et al., 2009 ) as described in Dien et al. (2016) and standardized using corn oil. Along with the SPVassay, time-domain NMR was applied as an additional lipid measurement of select samples to confirm SPV assay consistence (Gao et al., 2008; Moreton, 1989) . Analyses of extracted lipids by gas chromatography to determine fatty acid compostion and by gradient HPLC to determine the potential for carotenoid recovery were conducted as previously described (Hart and Scott, 1995; Ichihara et al., 1996; Rodriguez-Amaya, 2001) . For details of these analyses and results, see supplemental data Tables SI and SII. All samples are taken in at least duplicate for analysis. Analysis of variance (ANOVA) and Student Newman Keuls (SNK) pairwise comparison analyses were performed using Sigmastat 3.5 (Systat Software, Inc., San Hose, CA) at significance criterion P 0.05.
Results and Discussion
Primary Screen of Yeast Strains on 6% Glucan AFEX CSH As introduced earlier, the thirty-two yeast isolates obtained from the ARS Culture Collection were with few exceptions selected based on previously reported phenotypic qualities making them potentially good candidates for producing SCO from hydrolyzates, or relatedness to yeast strains known from the literature to possess such qualities. However, to the best of our knowledge the comparative lipid production by these strains had not been evaluated in undetoxified concentrated hydrolyzates of lignocellulosic biomass with sugar concentrations greater than 100 g/L. In our studies, hydrolyzates (adjusted to pH 6) were used as screening media without detoxification (such as by overliming). AFEX CSH at 6% glucan was applied as the primary screening medium since it was the more benign hydrolyzate with reduced sugar degradation products, such as furfural and HMF (Table I) , compared to SGH. AFEX CSH, prepared using ammonia and supplied with amino acids from the stover, also had the advantage of being nitrogen sufficient, and no further N supplementation was applied. Table II lists the results of this primary screening, and out of the 32 potentially oleaginous strains, only 8 (or 25%, names bolded) were able to accumulate greater than 5 g/L lipids with productivities ranging from 0.06 to 0.1 g/L/h. Figure 1 shows example time courses of top performing strains representing five yeast genera on AFEX CSH. All of the top strains were characterized by high levels of cell production on the AFEX CSH and also by the important ability to convert pentose sugars to product, a feature that has long been sought for the successful development of yeast for bioconversion of lignocellulose to ethanol (Hahn-H€ agerdal et al., 2007; Jeffries and Jin, 2004; Prior et al., 1989; Slininger et al., 1982) . Even the arabinose is used although delayed somewhat in the case of S. coloradoensis NRRL YB-2330. The ability to utilize arabinose is rarer in yeasts compared to xylose utilization. Additionally in this experiment, each isolate was exposed to 2.4 AE 0.3 g/L acetic acid upon inoculation, but in each case the acetic acid was completely consumed before the sampling was done at 48 h (data points not shown). This finding is very encouraging since any inhibition posed by acetic acid was rapidly neutralized during early yeast growth. The best of the lipid-producing strains on AFEX CSH based on lipid accumulation included the following (in order of rank): L. tetrasporus NRRL Y-11562, L. kononenkoae NRRL Y-7042 > C. aerius NRRL Y-1399 > S. coloradoensis NRRL YB-2330, R. toruloides NRRL Y-1091 > Y. lipolytica NRRL YB-392, -437. Species of the genus Saitoella, strains S. coloradoensis NRRL YB-2330 and S. complicata NRRL Y-17804 also did well on AFEX CSH and have not been previously characterized with respect to their lipid producing capability. These are the only two species of the rarely isolated genus Saitoella as reported previously in the taxonomic study of Kurtzman and Robnett, (2012) , yet the potential value of this genus for lipid production from biomass is demonstrated by its successful conversion of AFEX CSH to lipids.
In a separate study, twenty-two of the same strains were screened in baffled flasks on a synthetic lipid production medium supplemented with 100 g/L glucose, with a focus on species of the genera Lipomyces and Myxozyma relative to representatives of the genera Cryptococcus, Rhodosporidium, Torulaspora, Trigonopsis, and Yarrowia (Dien et al., 2016) . Of these, 14 of 22 (or 63%) produced greater than 5 g/L lipids. Thus the hydrolyzate screen was considerably more selective, as was expected, because of increased pressure by inhibitors. The top seven of fourteen (50%) of the lipid producing strains on synthetic medium based on lipid accumula-
Three of the four top strains for converting AFEX CSH to lipid were also among the top four strains on synthetic medium, but three of the top seven strains on synthetic medium NRRLY-11555, Y-27495, Y-27494 did not grow on AFEX CSH, and a fourth strain NRRL Y-27496 grew well and utilized xylose but did not produce lipid on this hydrolyzate. No strains were found that performed poorly on synthetic medium but well on AFEX CSH.
From these observations, some guidelines on screening efficiency are suggested. The use of microreactors in the form of 96-well deep well plates specially designed to achieve high oxygen transfer rates offers a rapid method of screening strains for lipid production in replicate in small quantities of any culture medium, a feature especially helpful if working with limited quantities of hydrolyzate. The high aeration rate allows for the production of high cell densities and high volumetric productivities such that lipid accumulations peak in 4-6 days or less, even on inhibitory hydrolyzates. Use of hydrolyzate as a first round screening medium may be manageable in such aerobic micro-reactors and may additionally be the most expeditious if the specific goal is to identify the most robust strains for lipid production from hydrolyzate sugars that are low cost, but accompanied by fermentation inhibitors. One constraint on screening efficiency is the tedious evaluation of lipid concentration. However, the lack of growth on hydrolyzate is a criterion for quickly winnowing out undesirable strains and reducing samples for lipid processing. Additionally, since our hydrolyzates contain abundant pentose sugars, especially xylose, and arabinose along with glucose, the pentose use criterion could be applied to minimize the lipid analysis burden. Of the thirty-two potential oleaginous yeast strains screened, lipid analyses on about one third of these strains could be eliminated based on poor growth and/or poor xylose utilization. Efficient pentose utilization is required for the rapid conversion of mixed sugars in lignocellulose to the high yield of lipid required for favorable economics. Xylose and arabinose utilization following glucose uptake was frequently, but not always observed among strains of each of the genera that we tested. Some yeast, such as Yarrowia lypolytica are reported as not utilizing xylose as the sole carbon source on defined media (Kurtzman et al., 2011) . However, we observed five strains of this type to completely use the xylose available in AFEX CSH (Table I) . For example, Y. lipolytica NRRL YB-392 is shown in Figure 1F to convert xylose to lipid with transient accumulation of the intermediate xylitol following glucose consumption. This finding indicated the practical importance of screening for xylose use on the mixed sugars present in hydrolyzates rather than on xylose alone as the sole carbon source. It is also a key point that phylogenetic relatedness described in Kurtzman et al. (2011) can be used to further choose related strains for testing once good oleaginous strains robust to hydrolyzate applications are identified. For example, based on the exceptional performance of L. tetrasporus NRRL Y-11562 in hydrolyzates, other closely related strains were selected for testing. L. kononenkoae NRRL Y-7042 was thus identified for screening in hydrolyzate as a close relative to strain Y-11562 and, as a result, was found to be a rival for best performance on the hydrolyzate. In a prior separate study, the concept of expanding the range of screening around highperforming oleaginous species was proven by Dien et al. (2016) using a synthetic media study where strain L. kononenkoae NRRL Y-7042 and others were shown to perform similarly to L. tetrasporus NRRLY-11562. Although significantly fewer of the high-performing strains in the synthetic medium were successful in the hydrolyzate screening, the best-performing strains in hydrolyzate were close phylogenetic relatives.
It is notable that the control algae tested, Chlorella sp. strain NRRL YB-3399, was not as well suited to conversion of the AFEX CSH to lipid as were the better yeast species screened. These accumulated 11-14.8 times more SCO than the Chlorella sp. strain NRRL YB-3399 and at 12.7-14.3 times the volumetric SCO productivity. The observed kinetic performance of our Chlorella sp. control is consistent with other reports on lipid production by algae, and this side-by-side comparison further justifies the suitability of yeast relative to algae for converting biomass hydrolyzates to SCO for biodiesel fuel: yeast can support higher and faster SCO titers coupled with the potential for less contamination by competing bacteria or phages.
Secondary Screen of Yeast Strains on SGH (20% Solids Loading)
All eight isolates able to produce greater than 5 g/L lipid on the primary screen on AFEX CSH (embolded in Table II) were subjected to a secondary screen on switchgrass hydrolyzates (SGH) prepared using dilute-acid pretreatment of biomass at the 20% solids loading (Table I) . Compared with AFEX CSH, the dilute acid -pretreated SGH contained higher concentrations of microbial inhibitors, including acetic acid, furfural, and 5-hydroxymethyl furfural (HMF) ( Table I ). The severity of SGH exposure was modulated by applying it at both 75% and 100% of full strength and at initial pH 6 versus pH 7, resulting in four levels of inhibitor severity. Initial culture pH at 6, as compared to 7, increases the impact of acetic acid on cells due to the higher equilibrium hydronium ion concentration (Casey et al., 2010) . Operation at acidic pH is desired to prevent contaminants from gaining a foothold in the hydrolyzates and competing for sugar, potentially resulting in undesired products and even stalled cultures. Table III summarizes the comparative performances of the four isolates able to grow and produce significant lipid on at least one of the four SGH conditions. Four other isolates were unsuccessful at colonizing any of the SGH formulations and are not shown here. Both L. tetrasporus NRRL Y-11562 and L. kononenkoae NRRL Y-7042 were able to produce lipids in SGH at accumulations and rates approaching those observed in AFEX CSH (Table II) . Although strain NRRL Y-7042 maintained similar lipid accumulations and productivities across all four SGH severities, it generally exhibited similar, but somewhat lower accumulations and rates than did NRRL Y-11562, with the exception of the most severe SGH formulation (100% SGH at pH 6) in which it outperformed NRRLY-11562. R. toruloides NRRLY-1091 and S. coloradoensis NRRL YB-2330 grew and produced lipid on the lowest severity SGH formulation, but not on the other three which were too inhibitory for growth.
Two Stage Lipid Production on SGH Allowing Rapid Amplification of Lipids in Yeasts
The batch culture results listed in Table III suggest that the lipid productivity and yield of the four most robust stains may be increased by reducing the SGH strength from 100% to 75%. This reduction in strength corresponds to a reduction of the microbial inhibitors present, but also caused a lower lipid titer commensurate with the dilution of sugars. A two-stage process was hypothesized to maximize both the efficiency and amount of lipid accumulation. L. kononenkoae NRRL Y-7042, L. tetrasporus NRRL Y-11562, and R. toruloides NRRL Y-1091 were each grown in both 75% and 100% strength SGH at C:N 62:1 in order to confirm the impact of SGH strength on first stage cell growth and lipid production kinetics. Yeasts were harvested once glucose and xylose had fallen to zero and then resuspended in 100% SGH with no nitrogen supplementation, that is, C:N $600, the goal being to amplify lipid accumulation in essentially non-growing stationary phase cells. It has been reported that high hydrolyzate concentrations are more inhibitory toward yeast growth than toward ethanologenic fermentation processes (Palmqvist and Hahn-H€ agerdal, 2000a,b) . We hypothesized that fatty acid biosynthesis would also be more robust to inhibitors than growth, allowing for use of the more severe, undiluted hydrolyzate. Furthermore, eliminating the need to support growth in the second stage was compatible with the goal of utilizing full strength SGH that had very high C:N (typically limiting growth due to N starvation) in order to enhance yeast lipid productivity and yield. Figures 2 and 3 depict results for L. tetrasporus, L. kononenkoae, and R. toruloides which indicate that high lipid accumulations of 20 g/L or more could indeed be accumulated very rapidly in a second stage cultivation to amplify lipid concentration in the yeast population after propagation was mainly completed in the first stage growth on SGH at a lower, less inhibitory concentration such as 75%. The culture time courses shown in Figure 2 confirm that when compared with growth on 100% SGH, the growth of both of the Lipomyces strains on 75% SGH allowed more rapid and higher yielding lipid production in the second stage cultivation on 100% SGH at C:N 600:1. Figure 3 displays the results of applying a similar cultivation scheme to R. toruloides NRRL Y-1091. In this case, the growth of strain NRRL Y-1091 was completely inhibited by the 100% SGH, and thus only the 75% SGH growth result is shown.
Optimization of the Two-Stage Process for Growth and Lipid Amplification
The sensitivity of the first stage growth cultures to amino acids source (casamino acids vs. soy flour at equal PAN content), SGH strength (50%, 75%, and 100%), and initial pH (6 vs. 7) was further assessed for R. toruloides NRRLY-1091 and L. tetrasporus NRRL Y-11562. Of these variables, the impact of SGH strength was of greatest impact and statistical significance on product accumulations (P < 0.001) as indicated by the results of a three-way ANOVA (Table IV) . The 75% SGH allowed highest 96 h cell and lipid accumulation for strain NRRL Y-1091 which was fully inhibited by 100% SGH. Lipid production followed similar trends to cell growth with respect to SGH strength. For L. tetrasporus NRRL Y-11562 the trends for cell and lipid accumulations were similar to those of NRRL Y-1091 at 96 h, but eventual cell and lipid accumulations at 165 h were highest for strain NRRL Y-11562 on 100% SGH, Table III . Comparative performances of isolates a in a secondary screen on N-amended dilute acid-pretreated SGH b at C:N 62:1.
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Strain ( suggesting its higher inhibitor tolerance compared to NRRLY-1091. The impacts of the other variables tested, that is, amino acids source and pH, were not significant.
In another complete factorial experiment the impacts of C:N ratio (25-100:1), SGH strength (50% or 75%), and soy flour (presence or absence) on growth and lipid production in first stage cultures were studied using strains NRRL Y-1091 and Y-11562. In this experiment the 75% hydrolyzate strength was significantly more inhibitory to early growth and lipid production by NRRL Y-1091 at all C:N levels compared with the 50% hydrolyzate strength. In the absence of soy flour, the average cell accumulations (A 620 ) for strain NRRL Y-1091 at 68 h were 31 for 50% SGH, compared to nearly 0 for 75% SGH, but A 620 reached 37 compared with 17, respectively, when soy flour was supplemented (data not shown). There was no significant difference in cell accumulations of NRRL Y-11562 in 50 and 75% SGH, regardless of soy flour supplementation. Figure 4 shows the impact of C:N, and soy flour on lipid accumulation for both strains in the 75% strength SGH. Inclusion of soy flour as PAN source and increasing C:N from 25 to over 50 dramatically increased early growth for NRRL Y-1091, and supported higher eventual biomass accumulations in the 75% SGH ( Fig. 4A and C) . The early growth rate of NRRL Y-11562 was also improved with soy flour supplementation, but the eventual biomass accumulation was not very sensitive to C:N greater than 25 ( Fig. 4B and D) . The 75% strength hydrolyzates generally allowed higher eventual lipid accumulations than did 50% strength hydrolyzates, but only if soy flour was provided to supply PAN and potentially other growth factors (data not shown). Additionally oil accumulation increased significantly with increasing C:N for both yeast strains ( Fig. 4E-H) . For NRRL Y-11562 oil accumulation reached a plateau of $10 g/L lipid at around 75C:N-a feature which was more clearly discernible in the data with soy flour included (Fig. 4F) .
Based on results of first stage growth studies, a number of trends were suggested. First 75% strength SGH appears to be preferred over 50% or 100% SGH because it supported rapid growth, high cell densities and abundant lipid accumulations if appropriate amino acid supplements were applied, that is, in the form of soy flour or Figure 3 . Rhodosporidium toruloides NRRL Y-1091 lipid accumulations in a two-stage process at pH 7 involving growth on 75% SGH at C:N 62:1 followed by resuspension of the cell population in 100% SGH prepared with no N amendment for C:N 600:1. All cultivations were carried out in 96-well deep well plates. Red squares represent biomass (A 620 ), black circles with solid line are glucose, blue circles with dashed line are xylose, green inverted triangles are arabinose, gold diamonds are acetic acid, and purple triangles are lipid. The arrow marks the growth stage time course point of cell harvest. Note that cultures monitored during the growth phase (left), were replicates of those harvested to resuspend in the lipid amplification stage shown (right). Error bars represent the range about the mean shown by symbols. a Means with no letters in common indicate significance differences at the P ¼ 0.001 significance level based on Student-Newman-Keuls pairwise comparison method. Reported means were averages across test pH 6 and 7 and the different types of amino acids sources since these parameters were not significant sources of variation (P > 0.05) based on the three-way analysis of variance performed. casamino acids, and potentially others. Additionally, consistent with the background literature (Jin et al., 2015) , C:N ratios of 50-75 were required to support optimal cell growth and the initiation of abundant lipid accumulation. As summarized by previous reviews (Sitepu et al., 2014; Weete, 1980) nutrients have been demonstrated to affect lipid accumulation: nitrogen, phosphorus, sulfur, amino acids, certain vitamins (thiamine, biotin, pyridoxine, pantothenate), and inositol are involved in fatty acid synthesis or desaturation reactions. For example, the biosynthesis of Coenzyme A (CoA) required for FA biosynthesis relies on availability of cysteine, pantothenate and ATP. Additionally, Rodriguez-Frometa et al. (2013) studies have indicated the need for a fully functioning leucine biosynthetic pathway in order to support lipid accumulation through leucine degradation for acetyl-CoA generation to feed fatty acid biosynthesis. Thus, an avoidance of exogenously supplied leucine may be preferred to encourage endogenous leucine biosynthesis in this case. These two examples point out the potential sensitivity of the lipid productivity to amino acid availability that can be variable pending the protein source and method of hydrolysis to free amino acids (Cavins et al., 1972) ; cystein recovery is highly dependent on the hydrolysis process and tryptophan is known to be destroyed by acid hydrolysis.
In hydrolyzates which may challenge cell integrity, it is also conceivable that nutrient requirements may become accentuated to accommodate repair as suggested by the data presented here, which showed that the benefit of amino acid supplements increased as the strength of hydrolyzate was increased. The supplementation of soy flour to boost PAN was notably more important for R. toruloides NRRL Y-1091 than for L. tetrasporus NRRL Y-11562 and more important in 100% hydrolyzates than more dilute hydrolyzates. In future studies of each yeast strain, the supplementation of commercial nitrogen sources, which carry amino acids and potentially other nutrients noted above, would need to be optimized for performance and cost (Zabriski et al., 1980) . Building on these findings, the impacts of variations in key growth stage conditions-initial pH (6 or 7), SGH strength (50 or 75%), and soy flour amino acid content (present or absent)-on the subsequent success of lipid amplification in the second stage cultivation were further explored in strain L. tetrasporus Y-11562. Results (not depicted) confirmed our earlier finding that first stage growth on 75% SGH compared to 50% SGH allowed significantly more abundant growth (A 620,max of 61.7 vs. 43.7, respectively) and lipid accumulation (16.1 vs. 11.7 g/L, respectively) in the first stage culture. In addition, results indicated that the use of 75% SGH compared with 50% SGH in first stage growth supported more abundant lipid accumulation in the second stage cultures (33.6 g/L vs. 30.9 g/L, respectively), which were resuspended in 100% SGH at C:N greater than 500:1. However, neither the addition of soy flour nor the variation of pH between 6 and 7 in the growth stage had significant impact on cell accumulation in the first growth stage or lipid amplification in the second stage, indicating the robustness of the strain for growth and lipid production in this manner. Conducting the second stage lipid amplification at pH 6 compared with pH 7 resulted in similar performances, further indicating resilience to operation under acidic conditions. Operating at an acidic pH and a reduced nitrogen loading should discourage microbial contaminants. Table V shows comparative performances under generally optimal conditions for all three of the more hydrolyzate-resilient yeast strains in the two-stage cultivation process scaled to 100 mL in baffled flasks. Aerobic conditions support abundant cell growth in the first stage culture (C:N $62:1) and carbon flow through the tricarboxylic acid cycle which also supplies citric acid and ATP for triacylglycerol biosynthesis in the second lipid amplification stage culture conducted at very high C:N $600:1 in the SGH without nitrogen supplementation. Under these conditions, the low N Table V . Comparative lipid production kinetics of oleaginous yeast strains tested in two stage flask cultures to amplify lipid accumulation on SGH. The two stage process involved carrying out cell growth on 75% strength SGH at C:N 62:1and pH 7 in stage 1 followed by resuspension of cells in 100% strength SGH at C:N $600:1 and pH 7 for amplified lipid accumulation in stage 2. a,b Figure 5 . b For culture stage 1 (yeast growth), maximum parameter values are those corresponding to the time of cell harvest for resuspension in culture stage 2. The stage 1 lipid productivity was calculated as the lipid concentration at harvest divided by the harvest time. The stage 1 lipid yield was calculated as the lipid concentration formed per either the sugar supplied to stage 1 or the sugar consumed during stage 1 at the time of harvest. For culture stage 2 (lipid amplification), maximum parameter values correspond to the occurrence of the maximum lipid concentration. Since stage 2 contains an initial lipid concentration, the stage 2 lipid productivity was calculated as the lipid concentration increase during stage 2 divided by the time spent in stage 2 at the point of peak lipid concentration. The stage 2 lipid yield was calculated as the lipid concentration formed during stage 2 per either the sugar supplied to stage 2 or the sugar consumed during stage 2 at the time of peak lipid concentration. Overall process productivity was calculated based on the lipid accumulation in stages 1 and 2 per the total time in stages 1 and 2 until maximum lipid was reached. The overall yields were calculated in two ways: as the total lipid accumulation in stages 1 and 2 per the total of the initial sugars supplied (glucose, xylose, and arabinose) at the beginning of stages 1 and 2 or as the total lipid accumulation in stages 1 and 2 per total of the sugars actually used (glucose, xylose, and arabinose). Note that acetate consumption contributed less than 4% additional carbon to that supplied by sugars and was not included in any of the yield calculations. availability results in the diversion of citric acid flow toward lipid biosynthesis. (Ageitos et al., 2011; Beopoulos et al., 2011; Jin et al., 2015; Liang and Jiang, 2013; Ratledge and Wynn, 2002; Ratledge, 2004) . For each of the three strains, the two stage processing led to much higher lipid accumulations (reaching 25-30 g/L), than ever previously reported for either detoxified or undetoxified hydrolyzates of lignocellulosic biomass of any kind (Jin et al., 2015) . In the second lipid amplification stage, lipid productivities reached 0.24-0.47 g/L/h and were 3 to 7 times higher than those found in the first stage growth at the lower C:N level. Additionally, lipid yields per sugar consumed went from 0.09-0.16 in the first stage to 0.15-0.22 g/g in the second stage, nearing the 0.22 g/g maximum practical yield typical of synthetic medium cultures (Jin et al., 2015) . For all three strains, overall lipid yield of the two-stage process based on sugar consumed was essentially the same at 0.16 g/g, but in terms of lipid produced per sugar supplied, the overall yield was somewhat lower at 0.13-0.15 g/g since there was some residual pentose at the end of first stage growth and/or at the time of maximum lipid in second stage lipid amplification (Fig. 5) .
Maximum biomass
The lipid contents of cells at peak lipid accumulation were found to be in the range of 53-61% by weight (Table V) . The fatty acid profiles of the lipid accumulated by each strain under these conditions are further described in Table SI . The accumulated lipid has composition that is compatible with the production of biodiesel fuel (Jin et al., 2015; Wahlen et al., 2013) . Especially pertinent to optimizing degree of unsaturation and biodiesel fuel qualities, the oleic acid (18:1) content of fatty acids from lipid produced by our oleaginous yeasts is significantly higher than that found in most vegetable oils noted in the literature (see Dauqan et al., 2011; Dornbos and Mullen, 1992; Wood and Lee, 1983 ).
Coproduction of carotenoids was observed to occur with lipid accumulation by all three strains (Table SII) . The known carotenoid producing strain, R. toruloides NRRL Y-1091, accumulated relatively abundant carotenoids per gram extracted lipid on SGH, including 0.75 AE 0.07 mg astaxanthin, 1.2 AE 0.3 mg canthaxanthin, 5.9 AE 2.9 mg echinenone, 4.3 AE 0.5 mg beta-carotene, 8.6 AE 6.7 mg lycopene, and 8.4 AE 3.0 mg gamma-carotene. Interestingly, low levels of 1-2 mg echinenone, 2-4 mg lycopene, and 1-3 mg gammacarotene were also recovered per g of lipid produced by L. tetrasporus strain NRRL Y-11562 and its relative L. kononenkoae NRRL Y-7042, although relatively high standard deviations among replicates was noted, especially for gamma-carotene. Further studies are planned to characterize carotenoid production by these yeasts on hydrolyzates-since high value co-products are expected to favorably impact the economics of producing biodiesel from lignocellulose (Ratledge, 2011; Koutinas et al., 2014) .
Each kinetic and yield property of the top strains in the two-stage process on undetoxified hydrolyzate (Table V) compared favorably to or better than previously reported for strains performing on detoxified hydrolyzates. This is significant because conditioning hydrolyzates is expected to be expensive and to affect downstream operations. The strains and process now reported as a result of this research allow superior kinetics on undetoxified hydrolyzates, even at the acidic pH of 6 (as demonstrated for Lipomyces sp. strains). For further comparison with the kinetics of the strains reported in Table V , the highest lipid accumulation previously reported on a hydrolyzate of lignocellulose was 15.8 g/L for Trichosporon fermentans on a detoxified stream of dilute acid pretreated sugarcane bagasse at a productivity of 0.073 g/L/h, and yield of 0.14 g/g sugar consumed (Huang et al., 2012c) . The highest lipid productivity reported was 0.21 g/L/h for Rhodotorula graminis on dilute acid pretreated corn stover enzyme hydrolyzate with lipid accumulation to 14.4 g/L at a yield of 0.08 g/g sugar consumed and cell content of 34% lipid (Galafassi et al., 2012) . The highest lipid yield reported was 0.23 g/g sugar consumed during Cryptococcus curvatus bioconversion of ionic liquid pretreated corn stover, accumulating 7.2 g/L lipid at a rate of 0.15 g/L/h, achieving a cell content of 43.4% lipid (Gong et al., 2013) . The high lipid content of 58.5% was reported for Yarrowia lipolytica Po 1 g on detoxified acid hydrolyzate of sugarcane bagasse, where 6.7 g/L lipid was accumulated at 0.07 g/L/h at a yield near theoretical at 0.33 g/g sugar consumed (Tsigie et al., 2011) . A more complete table of the lipid kinetics for yeasts using detoxified hydrolyzates has been recently summarized (Jin et al., 2015) .
Conclusions
Both AFEX CSH and SGH were useful substrates for determining aptitude of potential oleaginous yeast strains for high lipid accumulation and productivity on hydrolyzate. The SGH was more selective for robustness in hydrolyzates than the AFEX CSH, especially with respect to growth. About 25% of the oleaginous strains performed well on AFEX CSH whereas only about 10% of the strains performed on SGH. Of the 10% of strains that performed well on SGH, three strains demonstrated very high lipid accumulations, productivities, and yields in a two stage process involving cell production and initial lipid production in stage 1 hydrolyzate with C:N $50-75:1 followed by lipid amplification in stage 2 on much higher C:N $400-500:1. Using this process three strains were able to use acetic acid and nearly all of the available sugar, including xylose and arabinose. The achieved lipid accumulations of 25-30 g/L at rates of 0.12-0.22 g/L/h and 0.13-0.15 g/g or 39-45% of the theoretical yield at pH 6 and 7 are unprecedented on lignocellulosic hydrolyzates of any kind. It is notable that the hydrolyzates used in this study were undetoxified. Strains demonstrating superior performance in our screens and two-stage process included Lipomyces tetrasporus NRRL Y-11562, Lipomyces kononenkoae NRRL Y-7042, and Rhodosporidium toruloides NRRL Y-1091, the latter being notable for its carotenoid production. Superior strains performing well in our AFEX CSH and SGH single stage batch cultivation also included the unique yeast Saitoella coloradoensis NRRL Y-2330, which was also able to produce carotenoid co-products in addition to lipids, a characteristic which may be of key importance to economic feasibility of the lignocellulose to biodiesel bioconversion process. This is the first report of strains of Lypomyces tetrasporus, Lypomyces kononenkoae, and Saitoella coloradoensis species as having superior ability to convert hydrolyzates of lignocellulose to lipids for the production of high quality biodiesel fuels.
